Radiation-induced hair graying is caused by irreversible defects in the self-renewal and/or development of follicular melanocyte stem cells in the hair follicles. Kit signaling is an essential growth and differentiation signaling pathway for various cell lineages including melanocytes, and its radioprotective effects have been shown in hematopoietic cells. However, it is uncertain whether Kit signaling exerts a radioprotective effect for melanocytes. In this study, we found that various loss-of-function mutations of Kit facilitate radiation-induced hair graying. In contrast, transgenic mice expressing the ligand for Kit (Kitl) in the epidermis have significantly reduced levels of radiation-induced hair graying. The X-ray doses used did not show a systemic lethal effect, indicating that the in vivo radiosensitivity of Kit mutants is mainly caused by the damaged melanocyte stem cell population. X-ray-damaged melanocyte stem cells seemed to take the fate of ectopically pigmented melanocytes in the bulge regions of hair follicles in vivo. Endothelin 3, another growth and differentiation factor for melanocytes, showed a lesser radioprotective effect compared with Kitl. These results indicate the prevention of radiation-induced hair graying by Kit signaling.
INTRODUCTION
Melanocytes are responsible for pigmentation of the skin and hair, and thereby contribute to protection of those tissues from damage mainly by UVR (Lin and Fisher, 2007) . As the most potent and physiologically important genotoxic stress to melanocytes, UVR induces various cellular effects on melanocytes such as proliferation and pigmentation. The specific and direct contribution to genotoxicity by UVR has not been successfully characterized. Instead, ionizing radiation (IR) has been used as a controllable genotoxic stress to melanocytes (Hirobe and Zhou, 1990; Inomata et al., 2009) . The cytotoxicity of IR is generally thought to result from DNA double-strand breaks caused either by the direct interaction of IR with DNA and/or by an indirect action by the production of free radicals following the radiolysis of water. Following DNA damage, several modalities of cellular responses have been described, including reversible cell cycle alterations, reproductive (or mitotic) cell death, and apoptosis (Radford, 1986) .
The radiation-induced destruction of the hematopoietic system is the primary cause of death of lethally radiated animals and this was substantiated by preventing death due to lethal radiation by the transfer of normal hematopoietic stem cells. A number of substances have been shown to protect animals from radiation, including thiol compounds (Nygaard and Simic, 1983) , IL-1 (Neta et al., 1986) , tumor necrosis factor-a (Neta et al., 1988) , granulocyte colonystimulating factor (Waddick et al., 1991) , and granulocyte/ macrophage colony-stimulating factor (Waddick et al., 1991) . DNA repair mechanisms, scavengers of free radicals, and the induction of resting bone marrow cells into the cell cycle have been proposed as possible mechanisms that reduce radiation damage (Elkind, 1984; Neta et al., 1987; Wong and Goeddel, 1988) . The Y kinase receptor Kit and its cognate ligand Kitl are known to be essential for hematopoiesis including the stem cell hierarchy, erythropoiesis, and mast cells, as well as having an important roles of gametogenesis and melanogenesis (Russell, 1979) . Both Kit and Kitl mutant mice suffer from macrocytic anemia, lack tissue mast cells, and are sterile and devoid of coat pigment. In addition, these mutant mice exhibit an increased sensitivity to the lethal effects of IR (Bernstein, 1962; Russell et al., 1963) , which result from the paucity of the apoptosis suppressing and proliferative effects of Kitl (Yee et al., 1994) .
By taking advantage of the melanocyte cell lineage for its dispensable nature in the survival of individual organisms, mechanisms controlling the self-renewal of follicular melanocyte stem cells manifested as hair graying have been studied (Nishimura et al., 2005) . To test the putative radioprotective role of Kit signaling in the regeneration of melanocytes in hair follicles, we compared hair graying at various Kit signaling levels following exposure to IR.
RESULTS

Kit deficiencies increase hair graying due to IR-induced genotoxic stress
Many mutations have been identified at the W locus, which encodes the c-kit Y kinase receptor. W is a null allele that produces a nonfunctional receptor and W v contains missense mutations that inactivate the receptor and have dominant negative characteristics (Nocka et al., 1990; Hayashi et al., 1991) . The radiation-induced destruction of the hematopoietic system is usually carried out using g-rays from 60 Co or 137 Cs sources or using X-rays accelerated above 150 kV. To strictly compare the in vivo radiosensitivity of melanocytes with hematopoietic cells, we first used relatively highenergy X-rays (150 kV). To assess the systemic effects of radiation including hematopoietic impairment, we irradiated W mutant mice and their wild-type littermates with doses of X-rays. Although 2, 3, 4, or 5 Gy radiation had no lethal effect, at least at 21 days (Figure 1a and b, and data not shown), 40% of W/ þ mice, 60% of W v / þ mice, and 60-80% of þ / þ littermates exposed to 6 Gy radiation survived ( Figure  1d and e). In all, 10% of W/ þ mice and 10% of W v / þ mice exposed to 7 Gy radiation survived (Figure 1g and h) and all the mice including þ / þ littermates exposed to 10 Gy radiation died (Figure 1j , k). According to these observations, we then compared the effects of 3 or 4 Gy radiation of 150 kV X-rays on the survival of melanocyte stem cells in vivo. Using those X-ray doses, a minimal systemic effect, which might affect the survival of melanocytes or their precursors, was expected for the use of relatively high-energy X-rays.
At least, 3 Gy radiation was necessary for the stable induction of hair graying in W/ þ ( Figure 2b ) and W v / þ ( Figure 3b ) mutant mice compared with the wild-type 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 Figure 1 . Survival analysis of Kit mutant mice after radiation. The survival rates after the indicated X-ray dose in W/ þ (blue) mice and in wild-type littermates (red) are shown in a, d, g, and j. and sham control mice (Figures 2a and 3a , respectively). Radiation of 4 Gy induced significant hair graying in W/ þ ( Figure 2c ) and in W v / þ (Figure 3c ) mice, as well as in their wild-type littermates. To perform a quantitative analysis, hairs that regenerated after IR were inspected and classified into three categories: black, gray, or white, as described in the Materials and Methods section. Radiation of 3 Gy induced 23.2% of mostly unpigmented white hairs and 8.9% of partially unpigmented gray hairs in W/ þ mice and the white hairs increased to 50.6 and 35.4% in W/ þ and þ / þ mice,
3 Gy respectively, after 4 Gy radiation (Figure 2e and f). In W v / þ mice, 3 or 4 Gy radiation induced 43.3 and 53.7% of white hairs, respectively (Figure 3e and f). Radiation of 3 Gy induced very few white or gray hairs in wild-type littermates (3.3 and 12.2% in the littermates for W/ þ in Figure 2e and W v / þ in Figure 3e , respectively), whereas the white or gray hairs significantly increased to 57.9 and 47.3% after 4 Gy radiation (Figures 2f and 3f ). It should be noted that gray hairs also increased without radiation in these W mutant mice indicating the vital function of Kit signaling for the regeneration of melanocytes after hair plucking. These results indicate the role of Kit signaling for the radioresistance of follicular melanocytes.
To exclude the possibility that accelerated hair graying of W mutant mice is caused by a decreased number of melanocyte stem cells in the hair follicles, we counted the numbers of melanocyte stem cells of these mice at telogen hair cycle when mice were exposed to radiation. Melanocyte stem cells were detected as unpigmented, rounded, DCT-LacZ-expressing cells in the bulge area of telogen hair follicles (Nishimura et al., 2002; Osawa et al., 2005) . In the dorsal skin of 8-week-old telogen mice, DCT-LacZ/ þ ; W/ þ mice (Figure 2h ) and DCT-LacZ/ þ ; þ / þ littermates (Figure 2g ) had almost the same number of DCT-LacZpositive melanocyte stem cells (Figure 2i ). DCT-LacZ/ þ ; W v / þ mice (Figure 3h ) had slightly fewer DCT-LacZ-positive stem cells than their wild-type littermates (Figure 3g ), but not at a statistically significant level (Figure 3i ). Consistent with a previous study (Inomata et al., 2009 ) that used low-energy X-rays (50 kV), TUNEL-positive cells were not detected even with relatively high-energy X-rays (150 kV) in the bulge region of hair follicles at any point tested even after 5 Gy radiation, except that TUNEL-positive cells were detected outside of the bulge region within 24 hours after radiation (Supplementary Figure S1 online). According to these results, the radiosensitive nature of W mutant melanocytes is not simply caused by a decreased number of follicular melanocyte stem cells, but reflects the function of Kit signaling for their regeneration after the genotoxic stress induced by the radiation.
Melanocytes of Kit V620A transgenic mice expressing dominant negative Kit show a similar radiosensitivity to X-ray-induced genotoxic stress
The Kit V620A Tg1 transgenic mouse is a model for human piebaldism comprising the Val620Ala mutation in the Kit gene (Tosaki et al., 2006) and this dominant negative Kit receptor is expressed by melanocytes. As in W mutant mice, 5 Gy of IR had no effect on Kit V620A Tg1/ þ transgenic mice ( Figure 1c ) and about 20% of Kit V620A transgenic mice exposed to 6 Gy radiation died (Figure 1f ). All Kit V620A Tg1/ þ transgenic mice and þ / þ mice exposed to 7 Gy radiation died (Figure 1i ). The relatively larger white spot constantly observed in Kit V620A Tg1/ þ transgenic mice indicates the reduction of Kit signaling in melanocytes compared with W/ þ and W v / þ mutant mice.
Kit V620A mice showed significant hair graying after 3 or 4 Gy radiation (Figure 4a-c) , as previously shown in W mutant. Individual hairs after radiation revealed comparable amounts of gray hairs with those of W mutant mice (Figure 4d-f ). The number of melanocyte stem cells in the 8-week-old telogen hair follicles of DCT-LacZ/ þ ; Kit V620A Tg1/ þ mice was comparable with those in DCT-LacZ/ þ ; þ / þ littermates (Figure 4g-i) . These data confirm that the Kit signal reduction caused by the transgenic expression of the Kit V620A dominant negative receptor induces radiosensitivity to the follicular melanocyte stem cells.
Increased Kit signaling induces the radioresistance of follicular melanocytes
Next, we investigated whether augmented Kit signaling rescues X-ray-induced hair graying. We used hk14-Kitl transgenic mice, which express Kitl under control of the human keratin 14 promoter. Continuous expression of Kitl in keratinocytes of hk14-Kitl transgenic mice supports the lifetime maintenance of melanocytes in the epidermis. After 4 Gy radiation, hk14-Kitl mice showed less hair graying compared with their wild-type littermates (Figure 5a and b) , indicating the protective role of increased Kit signaling for the follicular melanocytes.
To investigate the DNA-damage response in follicular melanocytes of hk14-Kitl transgenic mice after radiation, we used immunohistochemistry to examine phosphorylated H2AX (gH2AX) in hair follicles, as previously described (Inomata et al., 2009) . We found intensive staining indicating DNA-damage formation in the nuclei of cells in hair follicles of wild-type littermates after radiation (Figure 5d and f), whereas lower levels of DNA-damage responses were detected in the bulge region of the hk14-Kitl transgenic mice (Figure 5c and e).
Endothelin 3 (ET3) has been reported to support the development of melanocytes (Saldana-Caboverde and Kos, 2010). To test the potential radioprotective effect of exogenously activated ET3 signaling, we irradiated hk14-ET3 transgenic mice-expressing ET3 under the control of the human keratin 14 promoter. Exposure to 4.5 Gy induced hair graying more significantly in hk14-ET3 mice compared with hk14-Kitl mice (Figure 5g and h) . The lesser radioprotective effect of ET3 on follicular melanocytes might reflect the fact that ET3 preferentially supports nonepidermal type melanocytes such as dermal melanocytes and noncutaneous melanocytes (Aoki et al., 2009) .
We then investigated the radioprotective effect of Kitl and ET3 to relatively low-energy X-rays (50 kV) to avoid the systemic effects of the relatively high-energy X-rays (150 kV) because we used 7 Gy radiation to induce clear hair graying in hk14-Kitl mice. Consistent with the results shown in Figure 5a , hk14-Kitl mice and hk14-ET3 mice showed relatively little hair graying compared with their wild-type littermates after 4 Gy radiation of low-energy X-rays (50 kV) ( Supplementary Figure S2 online) , indicating the protective role of increased Kit and/or ET3 signaling for follicular melanocytes. Although 7 Gy radiation of low-energy X-rays to wild-type mice induced obvious hair graying, little hair graying was observed in hk14-Kitl mice exposed to 7 Gy www.jidonline.org 1911 H Aoki et al.
( Supplementary Figure S2A online) . In contrast, hair graying was observed even with 4 Gy in hk14-ET3 mice and increased with 7 Gy (Supplementary Figure S2B online) .
Again, hk14-ET3 mice showed significant hair graying with 7 Gy radiation, indicating the lesser radioprotective effect of ET3 than Kitl. 
Loss of melanocyte stem cells after X-ray irradiation is caused by the abnormal differentiation of melanocytes in the bulge area
Apoptosis or cellular senescence are two representative cell fates in response to irreparable DNA damage or stress (Campisi, 2003; Dikomey et al., 2003) . However, apoptosis or cellular senescence is not likely to be the major early fate of DNA-damaged melanocyte stem cells. Inomata et al. (2009) reported that X-ray-damaged melanocyte stem cells were mostly induced to differentiate into mature melanocytes. These ectopically pigmented melanocytes (EPMs) were induced by relatively low-energy X-rays (50 kV) in the hair follicles of the irradiated mice. These EPMs were also found to be induced by relatively high-energy X-rays (150 kV; Supplementary Figure S3 online). After 3 or 4 Gy radiations of 50 kV X-rays to W/ þ , W v / þ , and Kit V620A Tg1 mice, we observed significant hair graying (Supplementary Figure  S4 online) similar to that elicited by 150 kV X-rays ( Figures  2-4) . These results suggest that the major cause of hair graying after X-ray radiation is the formation of EPMs in the hair follicles.
DISCUSSION
Deficiencies of mice with W or Kitl mutations in melanogenesis, hematopoiesis, and gametogenesis and the direct in vivo and in vitro effects of Kitl to facilitate cell proliferation, differentiation, and survival of those cell lineages, suggest the protective effect of Kit signaling against the lethal effects of radiation. As already shown in hematopoietic cells, we now demonstrate a significant in vivo radioprotective effect of Kitl for melanocytes in mice. We investigated the in vivo radioprotective function of Kit signaling in this study. In previous reports about the hematopoietic system, it was proposed that the role of Kitl as a radioprotector is similar to IL-1 (Neta et al., 1986) , which has been shown to enhance the cell cycling of bone marrow cells, particularly into late S phase (Neta et al., 1987) which is the most radioresistant phase of the cell cycle (Sinclair, 1968; Denenkamp, 1986) . These in vitro findings might also be applicable to the in vivo situation including melanocytes (Yamaguchi and Hearing, 2009) . We carefully excluded the possibility that different numbers of melanocyte stem cells is the cause underlying our observed radioprotective effect of Kit signaling by showing the virtually identical numbers of melanocyte stem cells in the mice used in our experiments.
In addition to the above possibility, we observed a reduced frequency of double-strand breaks measured by phosphorylated H2AX foci corresponding to the increased Kit signaling level. As a result, a prominent radioresistance of melanocyte stem cells was observed in the hk14-Kitl transgenic animals. In fact, X-ray-induced genotoxic stress is known to induce the cellular accumulation of p53 protein (Ghosh et al., 2000; Fournier et al., 2004; Inomata et al., 2009) , which could induce melanocyte proliferation in the skin (McGowan et al., 2008) . Kit signaling thus might have a role to compensate for cellular p53 function to reduce genotoxic stress induced by X-rays. In the hematopoietic cell system, Slug could complement the failure in lethally irradiated c-Kit-deficient mice . As SLUG is also known as a coat color gene in humans , it is possible that it is involved in the Kit signaling pathway of the irradiated melanocytes. We found that ET3, another secreted factor known to support the proliferation, differentiation, and survival of melanocytes is also potent but less effective to prevent the hair graying. The less effective nature of ET3 signaling is implicated by the fact that ET3 mainly affects dermal or noncutaneous melanocyte populations (Aoki et al., 2009) .
As previously suggested (Nishimura et al., 2005) , hair graying during aging accompanies EPMs in the bulge areas of hair follicles, suggesting a common genotoxic pathway leading to the loss of melanocyte stem cells exerted both by X-rays and by aging. Therefore, the radioprotective effect of Kitl for melanocytes demonstrated in this study suggests potential therapeutic strategies to augment Kit signaling in follicular melanocyte stem cells.
MATERIALS AND METHODS
Animals
All animal experiments were approved by the Animal Research Committee of the Graduate School of Medicine, Gifu University. C57BL/6 mice, W v / þ , and W/ þ mice were obtained from Japan SLC (Shizuoka, Japan). The following transgenic mice were maintained in our animal facility: those generated with the human cytokeratin 14 promoter (hk14) driving cytokine/growth factor cDNAs (hk14-ET3; hk14-KITL (Kunisada et al., 1998) ); Kit Val620Ala transgenic mice (Tosaki et al., 2006) ; and DCT-lacZ transgenic mice (Mackenzie et al., 1997) .
Mice were housed in standard animal rooms with food and water ad libitum under controlled humidity and temperature (22±2 1C) conditions. The room was illuminated by fluorescent lights that were on from 0800 to 2000 hours.
Hair plucking and whole-body X-ray irradiation of mice
The methods used for whole-body X-ray radiation of mice have been described elsewhere (Inomata et al., 2009) . Whole-body X-ray (g, h) The coat color of X-ray irradiated (4.5 Gy) hk14-Kitl/ þ mice, hk14-ET3/ þ mice, and wild-type littermates (g). Hairs were plucked at 3 weeks after irradiation and the indicated numbers of hairs from three mice in each mouse strain were analyzed (h). Mean ± SD are indicated in each bar of the figures. Exogenous ET3 signal is less effective than overexpression of Kit activation. Bars ¼ 100 mm.
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Radioprotective Effect of Kit for Melanocytes radiation (IR) was performed using a Hitachi MBR-1520 (Hitachi Medical, Tokyo, Japan) operating at 50 or 150 kV, 20 mA with a 2.0 mm Al filter and a dose rate of 0.4 Gy minutes À1 . According to the telogen-hair plucking method (Potten, 1970) , mice were irradiated at 7-8 weeks of age only after confirmation that the skin had a light pink color, which indicates that hair follicles are synchronized at the telogen phase. One day after plucking the hair on the dorsal skin, the mice were irradiated (Argyris and Chase, 1960) . Radiation was carried out by placing each mouse in a thinwalled plastic box, after which the animal received whole-body Xrays at dose levels of 1-10 Gy.
Hair color classification
For the classification of hair colors, the hairs were plucked 3 weeks after radiation, and were sorted into three categories, black, white, and gray. The black category hairs contain melanin granules at the same ratio of non-irradiated control mice. The white category hairs contain no melanin granules. The gray category hairs contain melanin granules apparently less than black hair. A total of 500 to 800 hairs were counted in each mouse tested.
LacZ staining
LacZ staining was performed as reported in detail previously (Yoshida et al., 1996) . In brief, skins were fixed for 30 minutes in 2% paraformaldehyde supplemented with 0.2% glutaraldehyde and 0.02% Tween-20. After three washes in PBS, the skins were stained overnight at 37 1C in 10 mM phosphate buffer (pH 7.2) containing 1.0 mM MgCl 2 , 3.1 mM K 4 [Fe(CN) 6 ], 3.1 mM K 3 [Fe(CN) 6 ], and 2 mg ml À1 X-Gal. The staining reaction was stopped by washing in PBS. The specimens were post-fixed overnight in 10% formalin in phosphate buffer (pH 7.2).
Histology and immunohistochemistry
Mice were killed with an overdose of sodium pentobarbital (200 mg kg À1 ). The skins were then dissected and fixed by immersion overnight in 10% formalin in phosphate buffer (pH 7.2). The methods used for histological analysis have been described in detail previously (Aoki et al., 2009) . Briefly, skins were dehydrated with ethanol, soaked in xylene, and embedded in paraffin. Horizontal serial sections were prepared at 3 mm (Leica RM2125RT, Leica Microsystems, Bannockburn, IL) and were stained with hematoxylin and eosin or were used for immunohistochemical analysis. Histological sections were observed with an Olympus BX-60 microscope, and images were captured with an Olympus DP70 digital camera (Olympus, Tokyo, Japan).
The methods used for immunohistochemical analysis have been described in detail previously (Aoki et al., 2008) . Briefly, the fresh mouse skin specimens were embedded in OCT compound (Sakura Finetek Japan, Tokyo, Japan), snap-frozen in liquid nitrogen, and stored at À80 1C. Frozen samples were cut in 13 mm-thick sections (Cryomicrotome CM 1850, Leica Microsystems, Bannockburn, IL), and were immersed in 10% formalin in phosphate buffer (pH 7.2). The Histofine Kit (Nichirei Biosciences, Tokyo, Japan) was used according to the manufacturer's protocol for detecting anti-phospho histone H2AX using a rabbit antibody (1:200, Cell Signaling Technology, Boston, MA). The sections were stained with 3,3 0diaminobenzidine until the desired stain intensity had been achieved.
